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AT ZERO FLIGHT SPEED

By Carroll R. Bryasn and Frenk F. Fleming
SUMMARY

Six NACA l-series axisymmetrical nose ailr inlets of 8-inch meximm
diemeter (one with protruding central body) were tested st zero forward
velocity at the Langley 8-foot transonic tunnel. Total-pressure surveys,
pressure-recovery measurements, and flow-visualization studies were made
through a range of mass-flow ratio extending from below the normal oper-
ating range to choking.

Test results showed wide variasnce in the performsnce of round-lipped
inlets. The two blunter-lipped inlets choked at & mass-flow ratlo within
2 percent of the theoretical maximum. There was extensive boundary-
layer separstion somewhere in the inlet duct at all mass flows. Corre-
lating parameters were found which defined choking mass-flow ratio and
maximumm choking pressure recovery for the inlets tested to within *0.02
(nose inlets only) snd +0.01, respectively. These parameters neglected
any effect of diffuser geometry.

INTRODUCTION

The design of the internsl-flow system of a turbojet-powered air-
craft for optimum operation at transonic or supersonic speeds tends to
compromise the operation of the system at conditions corresponding to
take-off and low-speed operation (i.e., extremely high mass-flow ratios
at or very neer choking and thus possibly large performsnce losses).
Effort has been made to avoid this low-speed performsnce penalty in prac-
tice by means of auxlliary inlets or by varisble-geometry inlets. It
would be desirable, of course, to avoid such mechanical complication by
the design of a fixed-geometry system having high performsnce charscter-
istics at mass-flow ratlios near the theoretical maximum. However, little
information 18 available on the effects of inlet geometry on static or
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low-speed performsnce (refs. 1 to 5), and, since a transonic 1lnlet inves-
tigation in the ILangley 8-foot transonic tunnel has made avallable several -
8-inch-dlameter subsonic, transonic, and supersonic air inlets of varying
proportions and 1ip profiles, it was considered that a study of the
internal performance of these inlets at static conditions might be useful
in indicating some of the more important effects of inlet geometry.
Although the inlets available did not embody a systematic varilatlon of
isolated geometric varigbles, they do afford a wlde range of the vari-
ables of 1lip roundness, inlet ares, and diffusion rate and msgnitude.
Accordingly, static Inductlon tests of several of these inlets were con-
ducted on a suctlon test stand at the Tangley 8-foot transonic tunnel.

In this paper the results of the static-condition investigation of
six NACA l-series nose inlets (one with protruding central body) are
reported and compared with other datse availsble. Total-pressure surveys
and pressure-recovery measurements were made through a mass-flow range
extending from below the normel operating range to choking. In addition,
flow-vilisualization studies were made of some of the inlets by utilizing
the tuft and the liquid-film-flow techniques.

SYMBOLS
A duct cross-sectlonel ares
D meximum body diameter, 8.0
E total pressure ~
" average total pressure, \/% %%
m mass-flow rate
m/mg mass-flow ratio, _ovA
PsVshmin
M Mach number
P static pressure
Pa atmospheric pressure
m/m h relative mass-flow ratio, -—EEEEL——
¢ (m/ms)
ch
r radius
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ry local duect radius

R body maximum redius, D/2

v velocity

x axial distance, positive downstream

-X axial distence between the inlet plane and the duct
minimum-ares station

¥ radial distance from reference line (see fig. 2), positive
toward model aXis

Y inner-lip thickness at duct minimum-area station

p mass density

¢ diffuser equivalent conical angle

Subscripts:

i inlet plane

ch condition corresponding to choking at duct minimm-sres
station

min inlet duct minimm-area station (see fig. 1)

8 condition corresponding to & Mach number of 1.0 for

isentropic £iow

2 inlet duct maximum-area station (diffuser-exit station)
APPARATUS AND TESTS

Models.~ Figure 1 presents schematlic drawings of the various inlet
shapes tested and gives some design detalls of these inlets. Further
detalls of the inlet profile and design of these Inlets msy be found in
reference 6. The NACA 1-70-200 nose inlet was constructed of Fiberglas-
Paraplex leminate. The other nose inlets were of spun-aluminum construc-
tion throughout. The two internsl central bodles used in the nose-inlet
tests and the tube supporting the protruding central body in the
NACA 1-80-300 configuration were slsc of spun-aluminum construction. The
protruding central body was of wood construction surfaced with Paraplex
plastic. The inlet immer-lip contours (ellipses all, followed by a
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cylindrical section) are defined in figure 2, and the inlet-duct-area
varietions from the Inlet lip to the diffuser-exit station are shown in
flgure 3. The inner-lip contours are compared in figure 4, scaled ‘o
the same inlet diameter.

Apparatus.- A schematic drawing of the test apparstus is presented
in figure 5. The inlets were mounted on a long steel barrel which housed
the diffuser-exit rakes end a venturi tube containing a rske of static~
and total-pressure tubes. The low-pressure source was a 10,000 cu-ft/min
compressor.

Flow visualization.- For flow-visualizatlon purposes, two inlets,
the NACA 1-50-200 and 1-70-200, were fitted with 1/8-inch steel plates
constructed to extend along the model center line from well in front of

the model to h%-inches into the inlet and to conform closely to the model-

inner-wall contour. A drawlng of one of these plates 1s shown in fig-
ure 6. The flow patterns were obtained by brushing with one stroke a
thin mixture of Varsol and commercisl Prusslan blue oll pigment around
the reglon of the inlet while the inlet wes operating at the desired mass
flow. When the pigment hed dried enough to stop flowing, the compressor
was shut down, the flow-plate removed, and the pattern photographed.

Tufts used in other flow-visualization studies were 3/L-inch lengths
of braided nylon cord secured to the model with clear dope. Tuft obser-
vations were photographed at 64 frames per second.

Tests and measurements.- The Inlets were mounted on the steel barrel
together with the appropriate falring. The back pressure was reduced
through several intermediate steps until the inlet was choked. The back
pressure was then further reduced to lncreasse the internal losses and to
define adequately the choking mass-flow ratio. At each step, static-
and total-pressure readings from the diffuser-exit and venturli rskes
(end when present, from & small survey rake located on the outer duct
wall 5 inches behind the inlet plane) were photographicslly recorded from
a multitube manometer board.

The relatlve areas were such that the venturi tube choked at a lower
mass flow than d4id the NACA 1-60-200 and 1-70-200 nose inlets. Two
further tests were then made of the NACA 1-70-200 nose inlet with the
venbturl tube removed. This inlet was tested to define completely the
choking mass-flow ratio and was also tested with a transition strip
located on the inlet immner 1ip. The transition strip, covering the
entire annulus of the inlet and consisting of number 60 carborundum grains
cemented to the model surface with clear lacquer, extended from the
leading edge of the inlet 3/4 inch into the inlet.
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For those tests where the venturli tube was present hoth mass-flow
ratio end average total-pressure ratio were calculated from the readings
of the venturi rake. Although separated flow, as.is shown subsequently,
was always present at the diffuser-exit station, 1t was interesting to
note that the average total-pressure ratio measured at this station was
within 1 percent of that measured at the venturi station. Compubtations
of mass-flow ratlic and average total-pressure ratio for the NACA 1-T70-200
nose inlet were, since the venturl tube was not present, made from readings
of the diffuser-exit rakes. Inasmuch as comparison of mass-flow-ratio
computations for the NACA 1-40-200 and 1-50-200 nose inlets indicated
that values of mass-flow ratio computed from the diffuser-exit rekes were
considersbly higher than those from the venturi rake, it may be assumed
that the values presented for the 1-T0=200 inlet are likewise consider-
gbly in error.

The accuracy of the measurements 1ls estimated as: mass-flow ratio
measured at the venburi station, +0.02, or -0 (no estimate is made for the
NACA 1-70-200 nose intet); tobal-pressure retio, +0.0l; and average total-
pressure ratio, +0.0l.

RESULTS AND DISCUSSION

Total-pressure profiles.- The effects of mass-flow ratio on the
total-pressure profiles for several of the inlets are shown in figures T
to 10. For most cases, the diffuser-exlt profiles were of unfavorable
types associasted with flow separation from the outer duct wall. Gener-
ally, the flow at the diffuser-exit station became more asymmetric at
the higher mass-flow ratios.

There was a wide latitude in the shapes of the total-pressure pro-
£iles at the 5-inch station, end furthermore the shapes would frequently
change very noticeably with no change in the compressor setting. How-
ever, for all cases where there was no supersonic flow past this station,
the profiles indicaeted boundary-layer sepaeration. The one profile which
showed supersonic £flow past this station was &t a m/ms of 0.87 for the

NACA 1-70-200 inlet (see fig. 9(a)). At this condition, the back pres-
sure had been reduced sufficiently to pull the strong shock and its
accompanying boundary-layer separation down past the 5-inch statlon.

Flow visuslizatlion.- The photographs of tuft observations and of
ink-flow patterns shown in figures 11 and 12 were selected to show typical
examples of tuft and ink-flow patterns obtained. The drawings of fig-
ure 13 are presented to lllustrate more clearly some of the types of
flow phenomensa observed in the photographs of figure 12.
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Tuft observations of the NACA 1-60-200, 1-70-200, snd 1-50-400 nose
inlets indicated the presence of flow separation at or close to the inlet
lip for all conditions except that of supersonic flow preceding a strong
shock inside the inlet. At thils condltion, ettached flow existed back
to the shock where separation then occurred. Flow at all conditions
below choking exhibited signs of extreme roughness (extreme agitation
of btufts 1n immediste vicinity of Inlet plane, large reglons of separated
flow shifting around the duct irregularly, and loud aural phenomens char-
acteristic to each inlet). The examples of tuft pictures shown in fig-
ure 11 are consecutive frames from a study of the NACA 1-60-200 nose
inlet at a mass-flow ratlo of approximately 0.80. Separation from the
region of the leading edge is evident in these pictures. This example
was selected to show the roughness in the inlets at high mass-flow ratios
near choking. The flow at the inlet entrance can be seen to vary widely
in charscter in the short space of 40 frames. The tube protruding from
the 1nlet is a static pressure probe coinciding with the inlet center
line.

Generally, the lines in the ink-flow patterns of figure 12 tend to
represent streamlines where the boundary layer of the plate was very
thin and there was no crossflow or strong lateral pressure gradient.

They tend to represent motion within the boundary lasyer on the flow plate
where this boundary leyer was thick or where there were strong lateral
pressure gradlents, as pear the lips (point &), fig. 13). It must be
remembered therefore that the patterns shown are not an exasct representa-
tion of the flow encountered in an lmpediment-free inlet. The flow plate
was present, and its boundary layer undoubtedly had some effect on inlet
flow. At all mass-flow ratlos below choking, the ink-flow patterns for
the NACA 1-40-200 nose inlet are very similar. The ares of heavy streaks
(point C), fig. 13) indicetes that transition on the duct wall was very
close to the inlet plane. The duct-wall boundary layer, though exceed-
ingly turbulent and posslbly separated, was not of significent thickness
untll the minimum sectlon was passed, where extensive boundary-layer
separation cccurred (point (), fig. 13). As the mass-flow ratio was
ralsed to Just below choklng, the boundsry-layer thickness grew slightly
and the area of separation extended over a larger portion of the plate.
These areas of boundary-layer separatlon seen in all the figures are
probably much larger than those found in an Impediment-free inlet because
of., the Iinteraction of the plate and duct-wsll boundary layers.

As the inlet choked, & strong shock formed, showing as a dark line
(fig. 12) followed by a reglon much lighter than that preceding the shock
(i1lustreted by point j@, fig. 13). Separation behind this shock was
extensive; tuft observations and the dlffuser-exlt profiles of figure 7
corroborate the evidence in figures 12(b) and (c) that separation caused
extreme nonuniformities in the profiles at the diffuser-exit station for
this configuration (see m/mg = 1.00, fig. 7). Furthermore, the crossing
of the streamlines in figure 12(b) offers evidence which indicates that
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this region of separated flow oscillated back and forth irregularly in
the duct; this phenomenon also was observed with tufts.

Pronounced boundary-layer separation may be seen at the immedisate
vicinity of the inlet 1lip st 811 subchoking mass flows for the NACA
1-70-200 nose inlet (point C), fig. 13). The crossing of the stream-
lines at the lip for s mass-flow ratio of 0.30 showed the unsteadiness
of the flow even at this low flow rate. Boundary-layer separation was
so severe for this inlet that downstiream from the 3-inch station
Onﬁns = 0.30), no ink flowed in the separated region near the wall.

Increasing the mass-flow ratlo to choking resulted, as for the

1-40-200 inlet, in attached flow back to the position of the strong
shock where separation then occurred. The shock pattern was less obvi-
ous from the ink-flow studies of this inlet because of the extreme tur-
bulence of the flow. All the ink-flow patterns indicate that, outside
the inlet, the velocity of the entering air decayed repidly from the
inlet plane. Local Mach numbers along the external surface of the
NACA 1-50-200 nose inlet, determined from static-pressure surveys (not
presented), showed flow velocitles at the choking condition of only

M=~ 0.09 at 3/4 inch from the plane of the inlet; thus, the internal-
flow characteristics were essentlially independent of the external shape
of the inlet.

Pressure recovery.- The varlation of average total-pressure ratio
with mass-flow ratio is shown in figure 14. Choking mass-flow ratio for
the NACA 1-40-200 and 1-50-200 inlets was within about 2 percent of the
theoretical maximum, and average total-pressure ratlios at choking were
considerably above those for the other inlets. The agreement of the
pressure~recovery curveg for the NACA 1-T7T0-200 nose 1nlet with and with-
out leading-edge transition strip (see fig. 15) is presumed to indlcate
the presence of a turbulent or separated boundary layer at or very close
to the leading edge. This bellef is borne out by the ink-flow patterns
of figure 12 which show sepsration or transition of the boundary layer
within 1 inch of the leading edge at all mass flows for both this inlet
and the 1-4%0-200.

In order to check the accuracy of the extremely high values of mass-
flow ratio obtalned for the blunter-lipped inlets, a static-pressure
survey of the duct minimm-sresa station was conducted for the NACA
1-50-200 nose inlet at the choking condition. The results of this sur-
vey are presented as local Mach number in figure 16(a) and as point-
mess-flow ratio in figure 16(b). Although the Mach numbers shown may
seem high for efflclent mass flow, the variastion of pV wlth Mach num-
ber near & Mach number of unity is such that even at a Mach number of 1.3,
for instance, mass flow is still 94 percent of the maximum attainsble.
Thus, an integration of the point-mass-flow curve (fig. 16(b)) gave a
vaelue of choking mass-flow ratio of 0.97, which agreed well with the
value 0.98 obtained from the venturi measurements.
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Effect of lip geometry.- The variation of average total-pressure
ratio with relatlve mass-flow ratio m/mch is presented in figure 17T.
Performance characteristics of the inlets of reference T are also com-
pared in this and the followlng figures. Whenrn the inlet performance is
presented as In figure 17, it is possible to compare more directly the
pressure recovery characteristics of the various configurations. In an
effort to achieve same degree of correlation of the geometric variables
of the inlets considered, figure 18 was prepared, in which the variation
of maximum choking total-pressure ratio and choking mass-flow ratio with
the inlet-entrence area-~contraction ratio is presented. This parameter
is the ratio of the flow area at the duct minimum section to that at the
inlet plane. It is to be noted that, with the exception of the
1-80-300 point, this parameter defines the choking mass-flow ratio to
within *2 percent of the arbitrary curve shown. The NACA 1-80-300 inlet
conflguration differed in type from the other inlets in that 1t alone of
all the round-lipped 1nlets had a protruding central body.

An expression which correlates the choking pressure-recovery data
with more success 1s the lip-roundness parameter XY/ri . Maximum choking

total~pressure ratio and total-pressure ratio for m/ms = 0.90 are pre-

sented as & function of this lip-roundness parameter in figure 19. This
parameter defines the pressure recovery at choking to within 0.0l and
to within #0.015 at m/my = 0.90 (this spread includes the 1-80-300
points). It must be remembered, however, that the inlet diffusers varied
widely, and that the effects of this varlation on pressure recovery are
unfortunately included in the above correlation. Just how strong these
effects were could not be determined becsuse of the nonsystemstic varia-
tion of the geometric parameters, but it can be polinted out that two
inlets having quite different diffusers (the NACA 1-40-200 nose inlet
had s diffuser angle of 14.4° while the open-nose conical inlet with
bell lip had e diffuser angle of only 4.4°) had similar lip-roundness
parameters end similar choking pressure recovery (see fig. 19).

CONCLUDING REMARKS

Six NACA l-series axisymmetrical nose air inlets of 8-inch maximum
dismeter (ore with protruding central body) were tested at zero forward
velocity in the Iangley 8-foot transonic tummel. From the results of
this investigation, the followlng observations were made:

Performance characteristics of inlets having differing amounts of

roundness varied widely. The two blunter-lipped inlets choked at a
value of mess-flow ratio within 2 percent of the theoretical maximum.
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A1l the inlets tested showed boundary-lasyer separation from a large por-
tion of the duct wall begimning at or near the inlet 1ip for all mass
flows below choking. Despite the presence of these regions of separated
flow, some correlating geometric parameters were found which defined,

for the inlets of this investigation and those of a similar investiga-
tion reported in reference 7T, choking maess-flow ratio to within +0.02
(nose inlets only) and choking maximum sverage total-pressure ratio to
within #0.0l. These parameters neglected any effect of diffuser geometry.

Tangley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,

Langley Fileld, Va., May 10, 1954.
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Inlet center line—-

NACA Kose-Inlet Design Detalls

1-70-200{ 1-50-200{ 1-40-200| 1-60-200| 1-50—400| 1-80-300
ry 2.8% 2.05 1.61 2,44 2.05 3.22
rg 20.69 22.25 15.05 20.50 62.50 52.75
1 16.00 16.00 16.00 16.00 32,00 24.00
byin, | 23.072 | 10.869 6.157 | 16.048 11.946 | 13.267
Tpin | 2.71 1.86 1.40 2.28 1.95 | 2.085%
#pased on a circle squal in area to Apjn

Figure l.- Inlet profliles tested.
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INNER-LIP COORDINATES

NACA RM L54E19a

Al]l coordinates in inches

NACA l-series profile

NACA 1-40-200

NACA 1-50-200

Reference line

NACA 1-50-400

nose inlet nose inlet nose inlet
x ¥y x ¥y x b4
0.000 0. 000 0.000 0.000 0.000 0.000
100 129 069 <100 .053 .06hL
« 200 171 «169 .15 «133 091
.300 <195 .269 170 «218(X) -4 (Y)
400 207 369 .182 leading-edge
L69(X) .209(Y) 69 (X) .186(Y) radius 2.049
1.299 209 1.493 .186
leading-edge leading-edge
radius 1.609 radius 2.0465

NACA 1-60-200

NACA 1-70-200

NACA 1-80-300

nose inlet nose inlet nose inlet
x ¥ x ¥y x ¥
0.000 0.000 0.000 0.000 0,000 0.000
069 .080 «100 075 .050 032
169 .118 200 099 «100 043
<269 <139 «300 «113 «200 .05l
<369 «150 e o) «120 «300 e
L69(X) 154 (Y) 169 (X) .121(Y) 00 (X) L067(Y)
1.689 .154 1.884 121 2.042 087
leading~-edge leading-edge leading-edge
radius 2.439 radius 2.829 radius 3.220

Figure 2.~ Coordinates of inner-lip fairings. All dimensions are in inches.
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NACA nose inlet g, deg
1-40-200 14.4
1-50~200 11.36
4 — 1~60-200 8.4
& / — —— 1-70-200 3.78
£ — - — — 1-50-400 b.2
<< —— — — —— 1-80-300" 6.52
o *with central body
= 3
5 ° /
/ / )
o 7 P i
g 2 pd 47 o=
rd /
b / yd . g
= & _..-__-:_J:/-jz:-—f -
| ke
0 4 8 |12 16 20 24 28 32

Inlet station, in.

Figure 3.- Verlaticn of inlet-duct aresa.
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NACA 1-50-400 nose inlet
NACA 1-70-200 nose inlet

g /ri NACA 1-60~200 nose inlet

\—NACA 1~-80-300 nose inlet with central body

NACA 1-50-200 nose inlet
pan-nose conical inlet with round lip {ref, 6)

Open-nose conjcal inlet with bell Up (ref, 6)
NACA 1-40-200 noge inlev

Figure 4.. Tnner-~lip-shspe comparison basged on common inlet radius ry.
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b
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Figure 5.- Details of static test mount.
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All dimensions are in inches.
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Figure T.- Total-pressure-ratlo variatlon with radial distance; NACA
1-40-200 nose inlet. Duct radius at 5-inch station is 1.85 inches.
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Figure 8.~ Total-pressure-ratio variation with radisl distance ; NACA
1-50~-200 nose inlet. Duct radius at 5-inch station is 2.08 inches.
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(a) Frames 1 to 20.

Figure 11.- Tuft photographs. NACA 1-60-200 nose inlet; m/mg ~ 0.80.
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(b) Frames 21 to Lo.

Figure 11.- Concludegd.



(a) NACA 1-40-200 nose inlet, (b) NACA 1-40-200 nose inlet,
m/mg =~ 0.48. m/my = choke.

Figure 12,- Ink-flow patterns.
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(e) NACA 1-70-200 nose inlet, (£) WACA 1-70~200 nose inlet,
nfng =~ 0.33. mfm, = choke.

Figure 12.- Concluded.
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NACA 1-40-200 nose inlet

/

NACA 1-70~200 nose inlet

Figure 13.~- Schematic drawing of types of phenomena observed in ink-flow
photographs.
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